
Abstract. The results of investigations of the laser radiation
interaction with low-density foamy materials are presented.
When such materials are used as the energy absorber in sphe-
rical targets with thermonuclear fuel in the laser-driven fusion
(LF) problem, the physics of energy absorption and transfer in
these media permits a significant reduction of the number of
irradiating laser beams (down to two beams) in the implementa-
tion of spherical target compression. Traditional irradiation
(direct and indirect) schemes involve the use of a large number
(100 ± 200) of irradiating beams, which is extremely difficult to
realize in a fusion reactor.

1. Introduction

The fundamental problem that must be solved for the
demonstration of controlled nuclear fusion involving iner-
tial confinement is the compression stability of a spherical
target capsule containing thermonuclear fuel. This requires
providing the conditions of target heating whereby the
energy input nonuniformity is within several percent (1 ±
5%). So stringent a requirement stems from the fact that the
compressed-target parameters required for the demonstra-
tion of controlled fusion reaction are attained upon a 15 ±
45-fold radial capsule compression (by the volume factor
3� 103ÿ105 [1]).

In this formulation, the problem of target compression
approaches the problem of energy cumulation [2] but does not
coincide with it. In problems of energy cumulation, the
external conditions are limited (for instance, the amplitude
of a converging spherical shock wave is finite at some distance
from the center), but infinite quantities arise at the center (the

pressure p!1). In problems of target compression with
ideal symmetry, limited external conditions result in high yet
finite values of the physical quantities (pressure and tempera-
ture) in the central domain.

The values of `ideal' quantities are determined by the
entropy introduced into the central domain of the target at
the heating stage. The similarity of these two problems
consists in the fact that both the cumulation limitations
(according to E I Zababakhin's assumption in Ref. [2]) and
the lowering of `ideal' quantities as the target is compressed
are related to the development of hydrodynamic instability.
It is valid to say that to every kind of cumulation there
corresponds an instability type.

In the problem of LF target compression, there is an
instance of employing the cumulation ideas. Nuckolls et al. [3]
considered the compression of a spherical target (a small ball
of deuterium ± tritium ice) by converging spherical sound
waves such that all successive waves arrive at the target
center simultaneously with the first wave. To accomplish
this, the conditions at the target surface, for instance the laser
radiation flux q, should vary in time according to the law
(profiled pulse compression)

q /
�

1

1ÿ t=t0

�3g=�g�1�
;

where t0 is the pulse duration and the arrival time of the first
wave and g is the adiabatic constant of the material.

It is significant that the pressure, including the high
pressure produced at the end of the pulse (of the order
1011 atm, formally p!1) is weak relative to the target
already compressed, and therefore the target is compressed by
the sound waves with a minimal increase in the target entropy
throughout the process. An analysis of this example of
cumulation in Ref. [4] confirms E I Zababakhin's assump-
tion of cumulation instability, in this case with respect to
small deviations from the ideal pulse shape. Despite the
infeasibility of this kind of energy cumulation, the idea of
laser pulse tailoring has retained its significance in LF as a
way of improving the target characteristics under `ideal'
(symmetric) conditions.
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In the cumulation and compression problems under
discussion, the lower the initial perturbations, the higher the
energy densities. That is why the task of elucidating the initial
perturbation spectrum (including the amplitudes and compo-
sition of the modes) is one of the central problems in the
physics of target compression.

Twomain directions [1] are presently being pursued in the
solution to this problem in LF (see Fig. 1). 1 One of them
involves the symmetric direct irradiation of a traditionally
designed shell target by a large number (several dozen) of
laser beam.s. The highest-power facility constructed for
solving this problem (the `Omega' facility, Laboratory for
Laser Energetics of Rochester University, USA) has
60 beams. To ensure a uniform energy distribution over the
laser beams area and exclude interference effects, special
optical devices were introduced into the system (phase
plates, a system for spectrum broadening and spectral
smoothing, etc.). Direct-compression targets necessitate the
conversion of Nd-laser radiation to its third harmonic (to
increase the fraction of absorbed energy).

The other direction (`indirect compression') relies on the
conversion of laser radiation into the flux of thermal X-ray
radiation. An indirect-compression target consists of a
massive outer shell Ð a cylindrically shaped converter Ð
and a spherical capsule with thermonuclear fuel dispensed
inside it.

We note that the thermonuclear capsule employed for
direct and indirect compression, which contains a set of
spherical shells, including a layer of a deuterium ± tritium
mixture in the form of ice, was proposed in the Lebedev
Physics Institute (FIAN) [8, 9] early in the 1970s. At present, it
is a universally accepted target design investigated in
experiments.

We return to the problem of indirect compression. The
laser radiation enters the converter through its entrance holes
incident on its inner surface, is absorbed, and produces the
plasma, which radiates in the X-ray range. The emission
spectrum is rather complicated, but on the average it is close
to the thermal one and can be characterized by a temperature
of 0.15 ± 0.35 keV. The X-ray radiation fills the internal
converter cavity and is incident on the capsule surface to
cause the ablation of the material of the outer shell and the
capsule compression. The difference from direct compression
consists in the fact that the X-ray photons penetrate the
plasma deeper than the laser radiation photons and give rise
to a higher ablation rate, which increases the compression
rate.

The indirect compression scheme also requires converting
the laser radiation frequency into the third harmonic in order
to raise the X-ray radiation yield. The poor energy balance
related to the small capsule-to-converter surface area ratio
(1 : 5) impels us to employ a higher target compression
�V=V0 ' 105�, and therefore the requirements on irradiation

uniformity are more stringent in this scheme than for direct
compression. The facility most elaborated for the implemen-
tation of this direction is the National Ignition Facility (NIF)
of the Lawrence Livermore National Laboratory, USA. It
employs 192 beams, which enter the target converter in the
form of three cones on both sides.

The following fact characterizes the complexity of the
irradiation uniformity problem: at the early stage of the laser
pulse (prior to the formation of a relatively extensive plasma),
each focal region on the internal converter surface irradiated
by laser radiation (192 regions!) becomes a source of none-
quilibrium (nonthermal) radiation corresponding to the
transitions in the M-shell of gold (the converter material).
This radiation produces 192 nonuniform spots (a peculiar
imprint) on the capsule surface, because the converter±
capsule distance is different for different spots. This effect
may prove to be of crucial importance in the 40-fold radial
target compression.

The problems under discussion are schematically repre-
sented in Fig. 1. Under compression, the capsule radius varies
with time in a similar manner in the versions with direct and
indirect irradiation. The spatial density distributions at
different time instants (Fig. 1a) are also close. In the case of
direct laser irradiation, the laser beam, which is nonuniform
due to its partial coherence, is incident on the spherically
symmetric density and temperature distributions around the
capsule, which are the goal of `good' compression. The energy
of a single laser beam is released in some domain resembling a
lens shown in Fig. 1b. The lens boundaries are determined by
the position of the critical density surface. The energy release
for multiple-beam irradiation is the sum of such `lenses',
provided it is sufficiently uniform. Otherwise, a torch-like
plasma flow emerges in the lens region, with the consequential
change in the position of the energy release region. Such
summation of individual beam contributions determines the
requisite number of irradiation directions.

The diagram that illustrates indirect compression depicts
one of the three cones along which the laser beams enter the
converter (Fig. 1c). Finally, Fig. 1d illustrates that it is in
principle possible to precisely focus the beams in the
experimental facility. However, complying with all focusing
requirements for a multibeam laser is extremely unlikely in a
future laser fusion reactor operating with a repetition rate of
several hertz and ballistic target delivery to the focus of the
laser beams. A laser reactor and target allowing only two or
several (6, 8, 12) irradiation directions will offer great
advantages, because one of the requirements for the reactor
chamber design is theminimization of the number of channels
that pierce the chamber blanket. These circumstances under-
lie the interest in the problem specified by the title of our
review.

Table 1 lists high-power laser facilities [10 ± 13] that have
been constructed or are being constructed, 2 which allow

1 Additional information and references to earlier papers, along with

Ref. [1], can be found in Refs [5 ± 7].

2 We cite the most recent papers because they give the best idea of the

conditions and parameters of the facilities.

Table 1. Existing high-power laser facilities and those under construction.

NIF, USA
LMJ, France
Omega, USA
Iskra-6, Russian Federal Nuclear Center ë
All-Russian Scientiéc Research Institute
of Experimental Physics, Russia

3o, 1.8 MJ, 192 beams, indirect compression, full-scale experiments planned for 2008
3o, 2 MJ, 240 beams, indirect compression, 2010
1oÿ 3o, 60 kJ, direct compression, in service
1oÿ o, 300 kJ, being designed; the `Luch'' module: four channels, 12 ë 25 kJ, 2003
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estimating the prospects and parameters of large-scale
experiments on compression.

Target irradiation experiments with two or even one beam
were staged in the USA in 1974 (KMSFusion [14] and LANL
[15]). In the experiments described in Ref. [14], two mirrors of
special (elliptical) shape and two beams were employed to
provide a nearly spherical symmetry of irradiation. The
beams were focused with short-focus lenses and introduced
through the holes at the centers of the mirrors nearest to the
beams. Subsequently, theywere focused onto the target with a
second mirror, which ensured a nearly spherical irradiation
symmetry.

The results of experiments on single-beam irradiation of a
target, which was made up of a gas-filled sphere and a disk
located on the irradiation-free side, were described in

Ref. [15]. The sphere shell possessed a profiled thickening on
the side under irradiation to compensate for excessive
pressure. The disk made it possible to transport a small
amount of energy to the irradiation-free side of the target as
well. A prepulse (3 J, 10% of the total energy) produced
plasma around the target and was favorable to a more
uniform heating.

The experiments in Refs [14, 15] were intended to
demonstrate compression, which was extremely important
at that time. With the laser radiation energy of several dozen
Joules, it was possible to achieve 250- and 100-fold volume
compressions, which is many times smaller than is required
according to present views. The above irradiation schemes
were not intended to attain the conditions for fusion ignition
and burning, and subsequently they were not elaborated.
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Figure 1. Direct and indirect target irradiation and compression: (a) variation of the target radius with time and radial dependence of the density at the

time instants t1 and t2; (b) the region of single-beam energy absorption for direct irradiation; (c) indirect compression; (d) the problem of multiple

irradiation directions in a laser fusion reactor.
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2. Physical basis for the feasibility
of employing a small number of irradiation
directions maintaining spherical symmetry
of compression

The LF research of the late 1980s saw the mastering of the
technology for producing low-density structured materials
with a density of 0.05 ± 0.001 g cmÿ3, which are structurally
foamy (polystyrene foam, aerogels) or fibrous (agar). Layers
and spherical shells of a given thickness were fabricated of
materials with a density close to the critical density for the
laser radiation of a specific frequency (1o Ð 0.003 g cmÿ3,
3o Ð 0.03 g cmÿ3 for an Nd laser). The absorption of laser
radiation and energy transfer in such a medium are signifi-
cantly different from those in a homogeneous medium. It is
precisely the employment of these materials for the absorp-
tion of laser radiation in LF targets that is the physical basis
of spherically symmetric compression for a small number of
irradiation directions.

The target design intended to realize these possibilities
was proposed in the Laser-Driven Fusion Department of
the Quantum Radiophysics Division of the Lebedev Physics
Institute in Refs [16, 17]. The subsequent experimental
investigations and numerical simulation of the processes in
the targets were pursued with the participation of the
Department of Target Technology of the Lebedev Physics
Institute (technology development and target fabrication for
experiments), TRINITI and RFNC±VNIIEF3 of the
Atomic Energy Ministry of the Russian Federation, the
Laser Laboratory of the ENEA Research Center, Frascati,
Italy (experimental investigations [18 ± 22, 26]), and the
Institute of Mathematical Modeling (IMM) of the Russian
Academy of Sciences (RAS) (numerical calculations and
simulation [23 ± 25, 32]). Later in this section, we briefly
consider the results of experimental and theoretical investi-
gations and formulate the model of physical processes in a
low-density structured medium.

Figures 2a and 2b show photographs of the samples of
such media, taken from Refs [18, 23, 24] and made with
an electron microscope: one can clearly see the surfaces
and cells in the polystyrene foam as well as the surfaces
and fibers in the case of agar. When a foamy target is
exposed to laser radiation, the radiation is absorbed in the
region located along the ray, the depth of the absorption
region depending on the target density. Figures 2c and 2d
show X-ray photographs of the targets and the density
dependence of the absorption depth derived from experi-
ments.

We note that the model of physical processes in a
structured plasma, which is discussed at the end of this
section, predicts this dependence rather well. Figures 2e ± 2g
illustrate an important fact: for an oblique incidence of laser
radiation and a low target density, the energy is absorbed
along the laser beam, subsequently producing a pressure
gradient and accelerating the plate (the target shell) along
the normal to the surface.

The main results of the experiments in Refs [18 ± 22] are as
follows:

� the absorption of laser radiation in the structured
plasma amounts to 80 ± 100% and depends only slightly on
the angle of laser radiation incidence;
� there is no regular reflection and refraction of laser

radiation; the scattered radiation amounts to 3 ± 5% of the
incident energy;
� the energy losses related to plasma expansion towards

the beam do not exceed 5%;
� the absorption of laser radiation occurs along the laser

beam direction and is inherently volume-distributed; the
absorption depth in a supercritical-density plasma is given by

L � 3

2
p2
�
rs
rp

�1=2

b0 ;

where rs is the density of solid elements, rp is the average
plasma density, and b0 is a small size (`the wall thickness'); the
size of large target structures is 5 ± 150 mm for different values
of rp;
� the pressure in the plasma is equal to several megabars

and the energy transfer rate is �2ÿ4� � 107 cm sÿ1 for the
radiation intensity �0:5ÿ5� � 1014 W cmÿ2;
� the so-called `greenhouse' effect is observed: during the

first 3 ± 5 ns, the porous substance accumulates energy with
hardly any expansion, which is followed by a nearly isotropic
thermal explosion.

It is believed that the above results depend only slightly on
the radiation wavelength. The experimental data under
discussion were obtained for l � 1:06 mm; the absorbed
energy fraction measured for l � 0:53 mm was close to
100% [26].

Proceeding from experimental data and the results of
numerical simulations, one can conceive the following
picture of laser radiation absorption in a porous medium.
The porous substance is initially, for several dozen picose-
conds, transparent for the radiation being absorbed and the
radiation penetrates it to some depth. Next, there occur the
expansion of solid elements, the collision of plasma streams,
and the filling of the pores. The plasma bunches fulfil the
function of peculiar `blackbodies', in which absorption
amounts to 100% owing to multiple reflections by randomly
located dense fragments. This may also account for the
absence of regular reflection and refraction. The depth of
the laser radiation penetration into the porous target
observed in experiments is formed at this stage.

Due to expansion of the solid elements of the material and
collisions of plasma streams, long-lived stochastic density
oscillations may exist in the plasma. As a result, a part of the
plasma can have a density close to the critical one or even
below it. In these regions, the energy of laser radiation is
absorbed through the inverse Bremsstrahlung and resonance
mechanisms. We consider the processes that may exert an
effect on the duration of the oscillations and estimate the
corresponding quantities.

The lifetime of dense structures produced due to the
expansion of solid elements and the collisions of plasma
streams is limited by the ion viscosity

Z ' v
2ti i
3

;

where

ti i � 1:1� 10ÿ13
�ATi�3=2
rZ 4

3 TRINITI Ð the Troitsk Institute for Innovation and Thermonuclear

Research; RFNC±VNIIEFÐ the Russian Federal Nuclear Center ±All-

Russia Scientific Research Institute of Experimental Physics.
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is the ionic collision time,A andZ are the atomic number and
charge of plasma ions, respectively, Ti is the ion temperature

(keV), v is the characteristic ion velocity, and r is the plasma
density (in g cmÿ3). In a carbon plasma with the temperature
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1 keV and the electron density 1021 cmÿ3, structures of size
x ' 30 mmmay exist for a time t � x 2=�2Z� � 1ÿ2 ns and of
size x ' 100 mm for 15 ± 20 ns.

The stream collisions inside the pores generate a
succession of shock waves. The shock front thickness is
determined by the ion path and the Mach number, which
may be close to unity in a hot plasma, i.e., the shock front
thickness may be equal to about 5 ± 20 mm, and the density
becomes almost uniform after one or two collisions (in 1 ±
2 ns). We note that the density may rise several-fold in
these collisions in comparison with the average one [in
strong shock waves, by the factor �g� 1�=�gÿ 1�, where g
is the adiabatic constant]. All this may lead to the
formation of reduced-density regions characterized by a
larger penetration depth for the laser radiation and a
stronger absorption (owing to a greater entanglement of
the trajectories of laser radiation in the plasma volume).
The assumption that these regions exist is indirectly
confirmed by experiments [20].

A role may be played by the fact that a significant part
of the solid elements in a real three-dimensional porous
structure that find themselves in the absorption region are
initially either not irradiated by the incident radiation at all
(owing to the screening by the overlying elements) or
irradiated at angles of laser radiation incidence close to
p=2. In a cubic structure with thin plane walls, for instance,
about 5=6 of the total mass is initially not irradiated when
the radiation is normally incident on one of the faces. In
view of this effect, it can be hypothesized that as the
irradiated solid elements expand, they produce a plasma
with the average density several times lower than the
average density of the medium. The streams of this plasma
collide with each other and with irradiation-free (cold)
elements to produce oscillations with an amplitude high
enough for the formation of subcritical-density plasma
regions.

It is likely that the process outlined above is responsible
for the aforementioned `greenhouse effect': the porous
substance retains its initial volume until the radiation energy
transferred to the irradiated elements is distributed over the
entire mass that finds itself in the absorption region and until
the oscillations die out. This stagemay be estimated to last for
several (3 ± 5) oscillations, which agrees well with experi-
mental results. We note that such oscillations have so far
escaped direct observation.

Using the RAPID code, which involves combined
solution of one-dimensional equations of fluid dynamics
and Maxwell equations for the description of laser
radiation, a series of one-dimensional calculations was
performed to simulate the laser irradiation of an inhomo-
geneous medium consisting of a sequence of thin polystyr-
ene layers (CH composition). The simulations were
performed for two structure types Ð with coarse and fine
meshes. The former was modeled with a system of layers of
with the thickness Dx � 1 mm and spacing L � 49 mm, and
the latter with a system of layers with Dx � 0:1 mm and
L � 4:9 mm. The average density of both media was
r � 2� 10ÿ2 g cmÿ3.

The numerical simulation was performed for a radiation
pulse at the third-harmonic frequency of an Nd laser, the
total length of the laser pulse was 2.5 ns, the peak intensity
Imax was �0;2ÿ2� � 1015 W cmÿ2. The factor b in the
thermal conductivity coefficient was an additional para-
meter: b > 1 corresponds to the Spitzer value K0 and

b � 0:01 to the suppression of thermal conduction
K � K0=100. The results of simulation for the average
energy transfer rate u are summarized in Table 2. Simula-
tions showed that as many as 10 density oscillations may
occur. The ion viscosity does not lead to an appreciable
oscillation damping for 1 ± 3 ns if the size of dense regions is
10 ± 30 mm.

Figure 3a shows the spatial distributions of the velocity,
the density, and the temperature in the two aforementioned
cases of Spitzer thermal conductivity, a coarse cell and a low
flux, plus a fine mesh and a low flux.

The processes observed in experiments and simulations
and the nonequilibrium state of the resultant plasma are
indicative of the necessity of `constructing' an effective
equation of state for the structured medium in which the
formation of pressure at different points of a cell occurs
after the instant of energy input. The time delay depends
on the position of the observation point inside the pore,
the pore size L, and the sound velocity cs. This time can
be estimated as t � nL=cs, where n is the number of
oscillations. The value is t ' 0:3 ns for L � 30 mm, and
t ' 0:05 ns for L � 5 mm, i.e., the medium with finer
pores is closer to the continuous medium in properties.
The same is true of the electron thermal conduction,
which may be suppressed when the material is strongly
inhomogeneous, while at a later stage it is close to that of
Spitzer.

The relevant model of the effective equation of state of the
foam is based on the following considerations. The heating
and evaporation of the solid elements of the porous medium
in response to laser radiation absorption occurs rather
rapidly, and therefore the internal electron energy can be
defined by the ideal-gas expression

ee � 3

2

Z

mi
kTe ;

where mi is the substance ion mass, Te is the electron
temperature, and Z is the ion multiplicity, which can be
taken equal to the atomic number because light elements
are almost fully ionized for I ' 1014ÿ1015 W cmÿ2. In
this case, ee ' E=M, where E is the absorbed energy and
M is the mass of the heated material. But the one-
dimensional calculations performed with the DIANA
code show that the electron pressure is nonuniformly
distributed on the cell scale and the cell-averaged
pressure pe is much lower than the pressure in the
vaporized mass of a solid element:

pe <
Z

mi
rkTe :

Table 2. Results of 1-D layered-system burning-through simulations.

Absorber structure Imax,
1014 W cmÿ2

b u,
107 cm sÿ1

Coarse cell 2.0
2.0
20
20

> 1

0.01
> 1

0,01

2.0
1.5
5.1
3.5

Fine cell 2.0 > 1 3.0

Homogeneous medium 2.0
20

> 1

> 1

3.5
8.0
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We introduce an effective temperature Teff � aTe,
where the parameter a < 1 is time-dependent (a! 1 on

the expiry of the homogenization time, which amounts to
several nanoseconds in the case under consideration).
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Then,

pe � Z

mi
rkTeff � a

Z

mi
rkTe :

To determine Teff (or the a parameter), we use the simplest
relaxation equations

dTeff

dt
� Te ÿ Teff

t
;

da
dt
� 1ÿ a

t
ÿ a

d lnTe

dt
; �1�

where t � nL=cs is the time delay introduced above. The
isothermal sound velocity

cs �
�
Z

mi
kTe

�1=2

was used in the above model. The number n is a fitting
parameter in this model, but the value n � 3ÿ5 obtained
from the one-dimensional simulations of laser irradiation of
the layered medium was found to provide a reasonable
description of experimental data.

Tomodel two-dimensional effects, simulations weremade
for a stratified inhomogeneous medium in a cylindrical
geometry. Figure 3b depicts the target prior to irradiation
�t � 0�, the diaphragms are disks and rings. The vertical
distance between the disks is 70 mm and 80 mm between the
rings, the diaphragm thickness is 3 mm, the material (CH)
density in the diaphragms is 0.1 g cmÿ3, the gas density in the
cavities is 10ÿ5 g cmÿ3, and the average density of the medium
is 7� 10ÿ3 g cmÿ3. Located beneath is a 20-mm thick normal-
density CH layer to imitate the capsule shell. The laser
radiation parameters are as follows: l � 1:06 mm, the sec-
tional intensity distribution

I�r� � I0 exp

�
ÿ r 2

R2
b

�
(the beam radius Rb � 300 mm); for r > Rb, the intensity
I � 0 and the beam energy is 850 J, i.e., the average intensity
is �q ' 3� 1014 W cmÿ2; the pulse has the form of an isosceles
triangle with a total duration of 1 ns. Figure 3b shows the
density field evolution at the time instants t � 0, 0.2, 0.4, 0.6,
0.8, and 1 ns.

The calculation performed shows that the plasma is
essentially nonequilibrium for more than half the pulse
duration: the behavior of the electron temperature is qualita-
tively different from the behavior of the pressure and the ion
temperature. Therefore, the effective relaxation-type equa-
tion can be treated as some approximation of the real
processes, because it describes the delay of pressure forma-
tion, but not its oscillations. The latter are significant in
providing the answer to the question of compression stability
of the entire target.

The results in Fig. 3 allow the conclusion that an
intermediate layer of a volume-structured material reduces
the effect of large-scale irradiation nonuniformities. At a later
stage, one can clearly see the imprint (shape perturbations of
the accelerated layer caused by external action) produced by
the absorber layers immediately adjacent to the capsule. This
process is controllable, for instance, by applying a two-layer
absorber with the pore size decreasing with depth.

An important but yet unsolved task in the hydrodynamic
instability problem is determination of the perturbation
spectrum made up of large-scale perturbations related to the
number of irradiation beams, small-scale perturbations

arising from the beam structure, and the perturbations
caused by pressure oscillations in the foam. The structure of
the foamy absorber then smoothes out the perturbations of all
scales.

For a system consisting of three parallel polyethylene
(CH) layers, we outline a two-dimensional burning-through
simulation performed by A Caruso and C Strangio with the
COBRAN code in the ENEA Laboratory (Frascati). The
parameters of the simulation were as follows: the layer
thickness d � 0:5 mm; the layer separation (`the pore size')
was 75 mm (the average density 6.7mg cmÿ3); l � 1:054 mm; a
triangular-shaped laser pulse with the energy 40 J (the pulse
emerged at t � 0, reached its peak at t � 0:7 ns, and
terminated at t � 2 ns); and the focal spot diameter was
240 mm (the focal point was located at z � 450 mm, while the
front layer of the system was situated at z � 0, the z axis
coinciding with the laser beam axis). First of all, it is pertinent
to note that as shown by the simulation of a one-layer system,
the time tb that it takes for one layer to become transparent
exceeds the time ts it takes for a nonevaporated part of the
layer to travel a distance equal to the characteristic pore
dimension: tb � 1:37 ns, ts � 0:85 ns. This implies that there
occurs a `snow plow'-typemotion in the system of layers, with
the effect that the mass of the accelerated nonevaporated part
increases as collisions occur.

Of greatest interest is the instant of the second impact
(t ' 0:9 ns). Figure 3c shows the density map with ray
trajectories, the total set of calculated trajectories, and two
pairs of the most extreme of them. One can see that the
trajectory distribution undergoes a qualitative change in
comparison with that in the case of conventional burning
through plane foils and goes over to `entanglement' (a part of
the peripheral rays is deflected to the center of the spot, while
a part of the central ones goes to the periphery). This may
have a bearing on smoothing of irradiation nonuniformities.
It is noteworthy that the reflected flux of laser radiation is
practically suppressed by that time, i.e., the absorption
efficiency increases.

To conclude this section, we emphasize once again that
the theoretical notions, on the one hand, and experiments, on
the other, are in satisfactory agreement as regards the main
parameters, such as the average plasma temperature and
pressure, the energy transfer rate, the absorption depth and
the absorbed energy fraction, the time of substantial plasma
expansion, and several others. The oscillations of physical
quantities in the plasma related to homogenization of the
initial target structure are an important characteristic of in-
target processes, and they manifest themselves in experiments
only indirectly. It would be of interest and significance to
directly observe the oscillations. The statistical nature of
absorption ensures a certain degree of its independence from
the external conditions (the angle of laser radiation incidence,
the wavelength of laser radiation, the intensity).

As a result, the model where the laser radiation is
absorbed in the plasma along a ray with the absorption
depth corresponding to Fig. 2 (and the formula in Section 2)
and the equation of state of the relaxation type can be
accepted in the subsequent target simulation.

3. Target design and symmetry
of the absorbed energy distribution

The proposed model of laser radiation absorption in low-
density structured materials describes the volume radiation
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absorption in a layer of certain thickness. In this section, we
present the target designs that make the `best' use of this
model. Specifically, these designs ensure a neutron yield in the
fusion burn under perfectly symmetric conditions, an accep-
table symmetry of the absorbed energy distribution under
irradiation by a small number of beams, and a low sensitivity
to parameters that may presently prove to be defined with an
insufficient accuracy (for instance, the absorption layer
thickness or the form of energy distribution in the beam).

The target designs for a laser pulse energy EL of 2.1 MJ,
100 kJ, and 2.6 kJ are given in Fig. 4a. 4 The energy EL is
selected such that its highest value ensures the energy gain
G ' 8, i.e., intense fusion burn. The threshold conditions
�G ' 0:1ÿ1� are achieved for 100 kJ. And, lastly, the lowest
value EL � 2:6 kJ is selected in such a way as to achieve an
appreciable neutron yield when the target is exposed to two
beams.

Because the absorption depth depends on the absorber
density, in a broad range of EL values it is possible to select a
thickness such that the ratio of the external absorber radius
(where absorption occur) to the capsule radius (where
ablation and shell acceleration occur) remains within the
range 2ÿ1:2=1. This corresponds to a good energy balance
in the target and the transfer of a significant fraction (5 ± 8%)
of laser energy to the deuterium± tritium (DT) fuel. The
results of one-dimensional simulations of these targets are
collected in Table 3.

The simulations given in Table 3 were performed in the
IMM, RAS, with the DIANA code, which solved the
standard LF set of equations describing the absorption of
laser radiation, ablation, the target compression and burn,
and the substance properties [27]. A recently published report
[28] describes the results of experiments on the compression of
targets with the DD gas at the Omega facility (USA, see
Table 1) under conditions of good irradiation symmetry.

The results of calculations with the DIANA code and the
experimental data in Ref. [28] for a rectangular laser pulse are
in satisfactory agreement, as is evident from the data in
Table 4. The notation in Table 4 is the same as in Table 3: Ti

is the temperature averaged over the DD-gas mass during the
burn time (it was determined in the simulations that the
neutron yield arose from the inner part of the DD gas
corresponding to 30% of the total value of hrRi). The data

given suggest that the results predicted on the basis of the
DIANA code for targets with a foamy absorber (`greenhouse-
type' targets) for a good symmetry of absorbed energy
distribution may be justified experimentally and are of
interest in subsequent applications.

We next consider the question of symmetry of absorbed
laser energy distribution for a small number of irradiation
beams. The absorption of laser radiation in our model occurs
in a layer whose thickness L is small or comparable to the
target radius R. The angular distribution of power release
density s�y;j� is given by the formula

s�y;j� �
� R

RÿL
_e�r; y;j�r 2 dr ; _e �

XN
i� 1

_ei
ÿ
r;ci�y;j�

�
: �2�

Here, i corresponds to a given beam �14 i4N�, R is the
target radius, r, y, and j are the coordinates of a point in a
small volume in the sphere (where the energy is absorbed),
ci�y;j� is the angle between the ith beam axis and the radius
vector of a point selected, and _e is the absorption rate per unit
volume. As the layer thickness L! 0, formula (2) becomes a
relation describing the irradiance of the target surface.

Therefore, as follows from the model in Section 2, using a
foamy layer for the absorption of laser radiation bridges the
gap between the problem of obtaining a uniform absorbed
energy distribution and the problem of obtaining a uniform
irradiance. For a finite number of beams, the problem of
obtaining a uniform irradiance has an exact solution, which
consists of the following. When the beam diameter is equal to
the target diameter, the intensity distribution in the beam is
given by

I�r� � I0

�
1ÿ r 2

R2

�1=2

(where r is the distance to the beam axis and R is the radius of
the target and the beam) and the surface distribution of the
beams belongs to one of the classes found in a relatively recent
paper [29], then perfect symmetry is achieved for an even
number of beams, beginning with N � 6. To obtain perfect
symmetry, use can also be made of the number of beams
N � 8, 12, 20 and their different combinations (for instance,
14, 20, or 60). The symmetry of the arrangement of N � 6, 8,
12, and 20 beams corresponds to the symmetry of perfect
crystals. The results in Ref. [29] were used in finding the
number of beams �N � 60� and their spatial arrangement for
the Omega laser facility (USA).

For targets with a foamy material absorber, the effect of
real energy distribution in the beam (which is Gaussian rather
than proportional to �1ÿ r 2=R2�1=2, as in Ref. [29]), of
different models and versions of laser radiation absorption
depth [the layer thickness L in formula (2)], of the beam-to-
target diameter ratio, of the variation of target size with time
owing to heating and expansion, and of several other factors
must be examined in the context of this approach. These
issues were elucidated in a series of numerical calculations
whose results were given in Refs [23 ± 25].

4 Targets with a foamy absorber can be given the common title `green-

house-type' targets (GHTs) [16, 17].

Table 3.Results of one-dimensional simulations of target compression and
burn.

Target type CD capsule,
2.6 kJ

DT gas,
100 kJ

DT ice,
100 kJ

DT ice,
2.1 MJ

tc, ns 0.497 1.54 3.50 5.89

Z, % 7.22 9.73 4.72

rRfuel, g cmÿ2 0.09 0.0523 0.190 0.38

�Tfuel, keV 3.1 12 7.88 3.71

G 0.1 1.04 7.93

NDD 1010

Notation: tc Ð compression time, ZÐ fraction of laser energy converted

to the kinetic energy of the shell, rRfuel Ð optical thickness of

compressed fuel, �Tfuel Ð average temperature of compressed fuel, G Ð

fusion gain coefficient, NDD Ð DD-neutron fusion yield.

Table 4. Correspondence of the data of simulations and experiments on
target compression.

EL, kJ tL, ns tc, ns NDD, 1011 hrRi, mg cmÿ2 Ti, keV

[26]
Diana

23.3
23.3

1
1 1.5

1.27
1.5

61
43

3.6
3.2
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The main results of the calculations are given in Fig. 4.
Figure 4b depicts the profiles of energy distribution in the
beam from Ref. [29] and the Gaussian beam (not to scale), as
well as the definition of the angle ci in formula (2); an
example of the map of the s�y;j� distribution for N � 6 and

the mass-uniform absorption with L � 0:3R; and the depen-
dences s�y;ji� for N � 6, 8, 12, and 20 for the meridians ji

passing through the beam axis (these meridians do not
coincide for different N). In these calculations, the index of
skewness z � �smax ÿ smin�=�smax � smin� varied within the
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Figure 4. (a) Target designs for different energies of the laser pulse. (b) Map of s for mass-uniform absorption (L � 0:3R, sections of the field s for

different versions of the beam distribution). (c) Schematic of two-beam irradiation and formulation of the problem of a profiled absorber. (d) Two-

dimensional two-beam compression simulations with the reference FIAN profile for three time instants.
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limits 2 ± 4%, the greatest perturbations corresponding to the
low harmonics of spherical functions, i.e., to long-wavelength
perturbations with n � 6 and n � 8, which grow slowly
during compression. The results depend only slightly on the
relation between L and R and the target R and beam Rb radii
forRb > R. However, the index of skewness significantly rises
when the beam radius is smaller than the target radius.

Further development of the approach underlying formula
(2) (the uniformity of absorbed energy is proportional to the
uniformity of irradiance) lies in the potentiality of employing
only two beams for the irradiation. (This possibility was first
discussed in the joint paper of the Quantum Radiophysics
Division of FIAN and the IMM presented at the XXVII
Zvenigorod Conference on Plasma Physics in 2000.) Indeed,
it is easy to show that the beam energy distribution profile of
the form

I�r� � I0
cosf

� I0

�1ÿ r 2=R2�1=2

(an `anti'-[29] profile in a sense) formally produces a perfectly
symmetric irradiance of the sphere with only two counter-
propagating beams (Fig. 4c). Furthermore, it is possible to
find the beam profile for the attainment of the absorbed
energy distribution close to the spherically symmetric one for
different R and L (the results are presented in Refs [23 ± 25,
32]).

The intensity increase at the beam edge (formally infinite
in the irradiation problem) may present a problem in the
realization of two-beam irradiation, and therefore a study
was made of the possibility of using beams with a uniform
intensity. In this case, the uniform absorbed energy distribu-
tion s�y;j� is achieved through selection of the proper
absorber shape. This form was determined (it is qualitatively
shown in Fig. 4c). We believe that combining the potential-
ities of a profiled beam (of the I0= cosf type, but not
necessarily coinciding with it) with those of a profiled
absorber (Fig. 4c) makes it realistic to attains a uniform
absorbed energy distribution in the target and ensure its
spherically symmetric subsequent compression for reason-
able requirements for the laser and the target.

Therefore, the solution to the problem specified in the title
of our review becomes feasible. Naturally, the Gaussian
distribution versions for N � 6, 8, 12, etc. retain their
attractiveness, but there emerge new design possibilities. The
beams may be divided into groups and focused in accordance
with the target size taking its compression into account and
with the onset of laser irradiation in each group of the beams
at the appropriate time instant. These versions of irradiation
are possible for different N [25].

The symmetry and uniformity of the absorbed energy
distribution are an intermediate result. More critical is the
compression process and the target shape prior to ignition
and fusion burn. This issue was investigated with the aid of
two-dimensional compression simulations [30]. For a two-
beam irradiation, the anticipated difficulty is related to the
fact that the absorption zone in the polar region (on the beam
axis) is large (the energy density is low), while the absorption
zone near the target equator (at the periphery of the beam) is
narrow (the energy density is high). However, the energy
transfer in the absorber equalizes the conditions; as a result,
preliminary simulations of compression [21, 25] suggest that
the target symmetry can be retained under two-beam
compression for a rather long period of time. Figure 4d

gives an idea of the symmetry of the process for the 2.1-MJ
target, the proximity to one-dimensional calculations being
retained even late in the process (t � 5ÿ6 ns).

The results on the problem of symmetry and uniformity of
the absorbed energy distribution can be summarized as
follows. For targets with a foamy absorber, the initial
perturbation spectrum consists of low-order mode perturba-
tions associated with the number of irradiation beams, of the
perturbations arising from beam nonuniformities (interfer-
ence effects), and of the perturbations arising from the
influence of foamy absorber structure and the effects of
smoothing the nonuniformities related to the energy transfer
in the absorber. The possibility of fabricating absorber foams
with cells of different sizes gives grounds to select favorable
conditions for the two last-named processes. In the context of
the models considered, the low-order mode perturbations
turn out to be at an acceptable level (Fig. 4b).Determining the
contribution of medium-range modes, including those asso-
ciated with the beam structure, invites further experimental
investigation.

We make two remarks to conclude the section concerned
with the targets. A target specimen for the two-beam
irradiation with an energy of 2.6 kJ was fabricated in FIAN
[24], and hence an experiment on the two-beam irradiation on
the existing facilities and those under construction appears to
be possible.

A comparison of the calculated 2.1-MJ target parameters
given in Table 3 with the calculated NIF target parameters
[31] wasmade in Refs [21, 24].While the values of laser energy
and thermonuclear target yield are close (17.6 MJ for the
NIF, 15.5 MJ for the GHT), we note that the NIF target
effects a `cooler' and stronger compression: prior to the onset
of burn, the DT-region energy is 17.5 kJ, the minimal radius
of this region is 44 mm, and the degree of radial compression is
C � 22. Similar results were obtained for the GHT: 122 kJ,
98 mm, C � 14. The NIF target data are more arduous and
are therefore more susceptible to the action of hydrodynamic
instabilities, with the target compressed by the irradiation
along 192 directions. The GHT compression can be effected
along six or eight directions, and it is not improbable that only
two directions would turn out to be sufficient.

4. Conclusion

The prospect of achieving good compression symmetry for a
target with a foamy absorber (of the `laser greenhouse' type)
irradiated by a small number of laser beams relies on the fact
that the volume-distributed absorption in the foam retains the
features inherent in the problem of irradiance, for which the
formal possibility of constructing a spherically symmetric
distribution has already been proven. The physical models of
the processes and the mathematical codes for calculating
different stages of target irradiation, compression, and burn
make it basically possible to seek optimal parameter values
for different specific experimental conditions. The results
obtained and their development with subsequent experi-
ments taken into account will permit the energy reactor
design to be substantially simplified, because the concept
under discussion allows a radical reduction in the number of
irradiation directions and an alleviation of requirements on
the mutual coherence of the beams, their profiling, and
supposedly the radiation wavelength.

The works on the problem under discussion were
performed in the TRINITI, the IMM of the RAS, and the
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Quantum Radiophysics Division of FIAN and supported by
the Russian Foundation for Basic Research (Grant Nos 01-
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